A ll etiological studies of complex human traits focus on analyzing the causes of variation. Given this complexity, there is a premium on studying those processes that mediate between gene products and cellular or organismal phenotypes. Studies of levels of gene expression could offer insight into these processes and are likely to be especially useful to the extent that the major sources of their variation are known in normal tissues. The classical study of monozygotic (MZ) and dizygotic (DZ) twins was employed to partition the genetic and environmental influences in gene expression for over 6500 human genes measured using microarrays from lymphoblastoid cell lines. Our results indicate that mean expression levels are correlated about .3 in monozygotic (MZ) and .0 in dizygotic (DZ) twins suggesting an overall epistatic regulation of gene expression. Furthermore, the functions of several of the genes whose expression was most affected by environmental effects, after correction for measurement error, were consistent with their known role in mediating sensitivity to environmental influences.
The measurement of gene expression levels for a very large number of genes through microarray technology offers the hope of a better understanding of some of the primary mechanisms through which both genes and environment affect susceptibility to complex multifactorial disorders. If microarray technology is to provide a means for the assessment of the endophenotype in studies of disease etiology, it will be necessary to characterize the differential roles of genetic and environmental influences on levels of gene expression.
The study of gene expression levels in samples of monozygotic (MZ) and dizygotic (DZ) twin pairs may offer a valuable overview of the contribution of genetic variation and environmental exposures to gene expression, and identifies clusters of genes whose expression in specific tissues is more or less sensitive to influences of genetic or environmental variation. The study of MZ and DZ twins is a well-tested approach to partition the genetic, shared and nonshared environmental factors in multifactorial traits (Jinks & Fulker, 1970) . Modern refinements of statistical methods for the analysis of multivariate twin data (Neale & Cardon, 1992) have made it possible for the twin study to resolve genetic (or environmental) effects that contribute to the clustering of multiple phenotypes and to the sequence of developmental events that lead ultimately to clinically significant complex outcomes.
Numerous studies of human disease have utilized microarray technology to simultaneously measure thousands of gene expression profiles between groups of individuals or cell types with the goal of identifying candidate disease genes or classifying tissue into disease subgroups. It is not clear whether or not the interindividual variation associated with a particular outcome is due to genetic or random environmental causes (Oleksiak et al., 2002) . Genetic sources of gene expression variation are likely due to DNA sequence polymorphisms, whereas all nongenetic components can be generally classified as random environmental sources. Recently, investigators have studied the extent to which gene expression levels are under genetic control for a limited number of genes (Cheung et al., 2003; Yan et al., 2002) . In another report, a significant heritable component for many genes was suggested by mapping both cis-and trans-acting loci that effect gene expression (Morely et al., 2004) .
The examination of interindividual variation in the level of gene expression in normal tissue is a nec-essary prerequisite for interpreting alterations in gene expression profiles that are causally associated with disease tissue. Peripheral blood is a readily accessible source of cells for the study of this relationship and has the potential for acting as a surrogate tissue for diagnostic purposes since it is exposed to many of the same environmental substances as target tissues (Whitney et al., 2003) . Recent studies have demonstrated that stable gene expression profiles can be monitored despite temporal changes in blood chemistry and signatures of gene expression due to environmental exposures can be reliably identified .
Ultimately, the same methodology may be extended to quantify the genetic and environmental sources of variation at the intermediary stage of gene expression and present a clearer picture of the etiology and molecular pathology of multifactorial disease.
To provide proof of principle for the use of twins in the study of gene expression, we have examined the patterns of correlation in expression levels of over 22,000 genes in cultured lymphoblastoid cell lines derived from peripheral blood lymphocytes from 10 pairs of MZ and 5 pairs of DZ female twins that were obtained from Coriell Cell Repositories (Camden, NJ). The mean twin pair age was 31 (± 12) years old. Individuals had no reported history of major illness (Appendix Table 1 ). Gene expression was measured on oligonucleotide microarrays (Human GeneChip™ HG133-A, Affymetrix) which contain over 22,000 named genes and expressed sequence tags (ESTs). Labeled cRNA from each individual was hybridized to a single microarray. On average, 41% of genes present on the microarrays were expressed in the sample cell lines. Genes without a MAS 5 'present' or 'marginally present' call in all samples were removed from analysis (Affymetrix, 1999) . A total of 6578 genes met this very conservative filtering criteria and were included in this study.
Materials and Methods

Sample
Cultured lymphoblastoid cell lines were obtained from 10 pairs of MZ and 5 pairs of DZ twins. These cells were obtained from Coriell Cell Repositories (Camden, NJ). Zygosity was confirmed by genotyping a panel of 20 microsatellite markers. There were no discordant markers within MZ twin pairs. The cell cultures were maintained in RPMI 1640 growth media (supplemented with 10% fetal bovine serum, 1% Penicillin/Streptomycin, and 0.5% L-glutamine) and were incubated at 37°C with 5% CO 2 and 95% humidity. When sufficient growth was observed the cultures were subdivided. For each twin, a total of four subcultured flasks (T75 flasks in 50 ml supplemented media) were prepared. We recognize that variation in the level of gene expression explained by genetic or environmental factors may be specific to lymphoblastoid cell lines. Future studies are needed to understand the correlation in gene expression between transformed cells and peripheral blood leukocytes.
Microarrays
Total RNA was isolated according to the STAT-60 TM protocol. RNA concentration was determined by absorbance at 260 nm, and RNA quality was analyzed by agarose gel electrophoresis and 260/280 absorbance ratios. Total RNA (7 µg) derived from each sample was reverse transcribed into doublestranded cDNA using the Invitrogen Superscript II System (Invitrogen, Carlsbad, CA). Biotin-labeled cRNA was synthesized from this cDNA using BioArray High Yield RNA Transcript Labeling Kit (ENZO Diagnostics, Farmingdale, NY) according to the manufacturer's instructions, purified using the RNAeasy Mini Kit (Qiagen, Mountain View, CA), and quantified by absorbance at 260 nm. Labeled cRNA samples were hybridized to oligonucleotide microarrays (Human GeneChip™ HG-133A, Affymetrix, Santa Clara, CA) containing probes for over 22,000 genes and ESTs. Array hybridization, scanning and quality control assessment were performed according to the manufacturer's protocol and as described previously (Hassan et al., 2003; Thibault et al., 2000) . Background correction, normalization, and expression summary were conducted with the robust multiarray average (RMA; Irizarry et al., 2003) implemented in the Bioconductor R packages (Gentleman et al., 2004) .
Statistical Methodology
We derived the variance components separately for both zygosities to test the hypothesis that no differences exist within and between pairs across all genes (probesets) measured. The model was y ijk = m + P i + P: I i(j) . G k is the average gene expression intensity across pairs and individuals within pairs. The interaction terms, (P*G) ik and (P:I*G) i(j)k , account for the gene dependent variation between and within pairs respectively. These terms are used to gauge the overall importance and underlying mechanism of genetic sources of variation. The (P:I*G) i(j)k term also contains the estimate of measurement error.
Evidence for epistatic mechanisms responsible for the overall control of gene expression can be observed if the average MZ intraclass correlation is significantly more than twice the average DZ intraclass correlation. A test statistic was calculated by
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where the average MZ and DZ intraclass correlations were computed over 6578 genes.
Broad sense heritabilities, which are linear combinations of the MZ and DZ intraclass correlations, were estimated for each gene to measure the proportion of genetic influences on gene expression. The conservative approach was taken of only estimating heritabilities for those genes whose ratio of MZ to DZ intraclass correlations were between 1 and 4.
The overall contributions of environmental factors to gene expression were estimated for individual genes using ANOVA methods. Environmental sources of variation can be calculated by estimating the within pair variance in MZ twins and correcting for experimental error. The model used was y i(j)k = m + P i + I:P i(j) + R k + (P*R) ik + (P:I*R) i(j)k , and fitted separately to all genes in the filtered gene set. In this model y i(j)k is the gene expression level for the j th individual in the i th pair and k th probe processed using the RMA algorithm. The variable R k is the average intensity level for the perfect match probe k across pairs and individuals within pairs. The interaction terms, (P*R) ik and (P:I*R) i(j)k , account for the probe dependent variation between and within pairs respectively. Using this model, the contribution of environment for each gene can be calculated as mean squares due to I:P i(j) minus the mean squares due to (P:I*R) i(j)k divided by the number of probesets used to measure gene activity. This value was recorded as a percent of total variation.
Genes were ranked by the contribution of genetic and environmental percentage of explained variation.
The top 100 genes due to each source were then examined for enriched gene themes using Expression Analysis Systematic Explorer (EASE v 1.21; Hosack et al., 2003) . Themes tested for included: chromosome, SwissProt keyword, PIR keyword, GenMAPP pathway, KEGG pathway, PFAM domain, SMART domain, Gene Ontology Consortium Biological Process, Molecular Function, and Cellular Component. Results were filtered to remove themes with less than 4 probesets or an EASE score less than 5%.
Results
The scatter plots in Figure 1 show that MZ twins are more similar in gene expression profiles than DZ twins for a substantial proportion of the 6578 genes sampled. The genes falling above the solid line in figure 1A and 1B are those expression scores that are more similar within twin pairs than between twin pairs, which suggest a correlation in gene expression. This is in contrast to the genes that fall at or below the solid line. Here, the within-compared to between-twin pair variance has equal or greater variance which suggests uncorrelated gene expression levels. Figure 2A displays the results of 6578 intraclass correlations for gene expression levels for MZ and DZ twin pairs. The average MZ intraclass correlation is significantly more than twice the DZ mean which supports an epistatic model for gene expression regulation (p < .01). MZ twins had greater intraclass correlations than DZ twins (where the MZ correla-
Figure 1
Scatter plots A. and B. are, respectively, the MZ and DZ twin within by between components of variance (mean squares) for 6578 genes (probesets). The solid line represents a between by within ratio of 1. Approximately 78% genes fall above the solid line in A, compared to 44% of genes in B, suggesting that MZ twins are more highly correlated for a greater proportion of gene expression levels than DZ twins.
Twin Research and Human Genetics February 2005
Sources of Gene Expression Control tion was in the positive range) in approximately 63% of genes measured. The estimates of broad sense heritability (which includes additive, dominance and epistatic components) are shown for 322 genes whose MZ to DZ intraclass correlation ratio was between 1 and 4 ( Figure 2B and Appendix Table 2 ).
The apparent global genetic effects seen in Figure  1 and Figure 2 can be more formally tested using analysis of variance (ANOVA) techniques. ANOVA models were applied to derive the estimated components of variance for each zygosity separately using the terms listed in Table 1 . As expected the largest component depends on average differences in expression between genes across all subjects (the 'genes' item). This term may also contain confounding effects of the probe sets which are known to operate at different levels of efficiency. The MZ to DZ ratio of the Gene × Between pair term indicates that MZ twins are 11.2 times more correlated than DZ pairs in their idiosyncratic profiles of gene expression. The highly significant difference between the Genes × Withinpairs mean squares for DZ versus MZ twins (F 32885, 65770 , p < 10 -6 ) confirms the overall significance of a genetic contribution to intrinsic differences in gene expression profiles. The finding that the overall correlation in gene expression profiles of MZ twins, on average, are substantially more than twice that in DZ twins, albeit in this small sample, reinforces a prima facie case for the role of epistatic gene action in the regulation of gene expression.
Genes showing primarily genetic or environmental influences were examined to determine whether they differed with respect to their Gene Ontology (GO) Consortium categories (Ashburner et al., 2000) or other characteristics. The top 100 genes were ranked according to their proportion of genetic or environmental contributions to the total observed variance (Appendix Tables 2 and 3 ). Environmental variation was measured using the probe level data to estimate the contribution of error present within an individual of a MZ pair. Genetic contribution was determined by ranking the broad sense heritability estimates. The EASE program was used to identify significant gene themes in these two groups compared to the entire population of 6578 genes ( Table 2) Table 2 ). Note: Genes in some categories overlap, as GO organizes gene groups in a pseudo-hierarchical format where each node corresponds to a distinct gene category. Child nodes are selected before parent nodes. If significant, parent nodes were included if 10% of genes differed from child node. All categories are listed for gene sets if they appeared in multiple systems. List% = percentage of 'environmental' or 'genetic' gene lists in gene category out of total list in system, Chip% = percentage of filtered set of genes (n = 6578) in gene category present in system, n = number of genes (probesets) in gene category.
Sources of Gene Expression Control tion of whether this specificity also translates to the level of gene expression resulting in the observed increased MZ twin correlation.
Discussion
We provide evidence that epistasis is a ubiquitous component in the regulation of gene expression which conforms to the idea that epistasis is a natural property of transcriptional control (Gibson, 1996) . If these results can be replicated in larger samples this observation is not without implications for the study of genetic influences on quantitative traits, since most twin studies show that, at a more gross phenotypic level, genetic effects appear to be largely additive. Thus, what is seen at the level of aggregate genetic influences may obscure more specific patterns of interaction at the level of gene expression. The study of profiles of gene expression offers a new approach that may enhance our ability to elucidate complex pathways through which naturally occurring genetic polymorphisms and environmental exposures interact more specifically to create differences in risk to common disease. Mapping genetic determinants that contribute to gene expression variation will be important for understanding the genetic basis of human disease. Although relating variation in common disease to DNA sequence variation has been difficult at best, this may be relatively less problematic at the more proximal level of transciptional control and could serve as a model for more complex processes. Further quantification of the genetic and environmental sources of gene expression variation in normal and disease tissues will be necessary to guide the genetic analysis of disease etiology.
This study integrates the classical genetic approach of evaluating traits in unselected MZ and DZ twins with expression microarray technology. Future studies may selectively sample twin pairs who are discordant for exposure to a risk factor. Different patterns of gene expression in exposed and nonexposed twins could allow for the identification of those aspects of gene expression that mediate sensitivity to specific environmental risk factors. 
